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NiTi shape memory alloysNi–50Ti shapememory alloywas synthesized bymechanical alloying of the elemental powdersmixture under an
argon gas atmosphere. The structural and microstructural properties of the alloyed powders were evaluated by
X-ray diffraction (XRD) and scanning electronmicroscope (SEM), respectively.Moreover, theVickersmicrohard-
ness of the powderswas estimated at differentmilling times. According to the results, bymilling progression, the
amount of the amorphous phase increased considerably and after sufficient milling time (48 h), the mechano-
crystallization of the amorphous phase into the more stable crystalline phases (i.e. B2 and B19′) occurred. It
was found that the particles size and microhardness were significantly affected by the formation of the amor-
phous, B2, and B19′ phases. It was also deduced that, by appropriate heating and cooling cycles, the B2 and
thermally-induced B19′ phases can be created. Furthermore, it was inferred that the formation of undesirable in-
termetallic phases (particularly NiTi2) during the heating cycle was considerably reduced by milling time
evolution.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
NiTi shapememory alloy (SMA) exhibits remarkable properties such
as shapememory effect (SME), superelasticity (SE) and biocompatibili-
ty [1]. SMAs are used in a wide range of medical [2], dental [3] and en-
gineering applications [4–6]. NiTi (Nitinol) is an attractive biomaterial
due to its biocompatible nature and excellentmechanical properties [1].
Although it was demonstrated that elementary nickel is a toxic agent
and harmful to bone structures, NiTi is not genotoxic due to the ability
of titanium to form a stable titanium oxide surface layer [2].
NiTi compound has two common crystalline structures: austenitic
phase (B2) at high temperature with cubic structure and martensitic
phase (B19′) at low temperature with monoclinic structure. The trans-
formation of these phases into each other creates the SME and SE due
to thermal and mechanical transition, respectively [7].
NiTi SMA can be synthesized through different methods including
liquid state [8–11] and solid state [12–19] routes. Among solid
state techniques, mechanical alloying (MA) is a less expensive and
simple procedure to synthesize the supersaturated solid solutions,
nanocrystals, and amorphous structures. During MA, powder particles
are subjected to severe plastic deformation to produce alloyed powders
at ambient temperature [20].
There is a wide literature on the mechano-synthesis and characteri-
zation of NiTi compounds [14–19]. However, to the best of our knowl-
edge, the martensitic transformation during MA was not reported in98 711 735 4520.
ghts reserved.any work. In the present study, the production of B19′ martensite and
amorphousphases and their effects on themicrohardnesswere evaluat-
ed during MA. Afterwards, the thermal stability of the aforementioned
phases was investigated.
2. Experimental procedure
In this study, pure powders of titanium (N99%) and nickel (N99.5%)
weremixedwith 50:50 atomic ratio (55:45 wt.%) and thenmechanical-
ly alloyed in a planetary ball mill with tempered steel vial (90 ml) and
balls (5 ∗ 20 mmand 7 ∗ 10 mm) under argon atmosphere. Themilling
was conducted at room temperature with speed and ball-to-powder
mass ratio (BPR) of 450 rpm and 20:1, respectively. It is well-known
that in the ductile–ductile alloying systems, a small quantity of the pow-
ders becomes welded on to the surface of the container and grinding
mediumwhich prevents the excessive wear of themillingmedium. Ac-
cordingly, in the present work, to reduce the amount of contamination,
the powders obtained from the 3rd milling duration were used for the
analysis.
In order to determine the amount of contamination during the
milling process, an X-ray fluorescence analyzer (XRF, Philips PW2400)
was used and then the quantitative values were extracted by the PAN
analytical software. The structural properties and phase transformation
of the powders during MA were evaluated by using powder X-ray
diffraction (XRD, PAN analytical, X'pert Pro MPD) with the CuKα
(λ = 0.154 nm) radiation at 40 kV and 40 mA. The XRD data were col-
lected at the step time of 3 s and step size 0.03°/s in the 2θ range of 20–
80°. The qualitative analysis and Rietveld refinement were performed
Fig. 1. (a) The XRD pattern ofNiTi compound at variousmilling times and (b) the variation
of Ni lattice parameter as a function of milling time.
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ages, respectively. To estimate the amorphous phase fraction, the XRD
profile of a mixture of 90 wt.% milled powders and 10 wt.% internal
standard (fully crystalline Mo powders) was analyzed by Rietveld
method and the amorphous phase quantity was calculated by the fol-
lowing equation [21].
A wt:%ð Þ ¼ 1−WS=RSð Þ= 100−WSð Þ  104 ð1Þ
whereWS is theweight percentage of the internal standard added to the
powders and RS is its concentration estimated by Rietveld refinement of
the XRD results.
The particle size variation, interlayer thickness, and chemical com-
position homogeneity of the alloyed powders were studied by a scan-
ning electron microscope (SEM, FEI, Nova Nanosem 430) coupled with
energy dispersive X-ray spectroscopy (EDS). The mean powder particle
size was estimated from SEM images of powder particles by image ana-
lyzer. The average size of about 20 particles was calculated and reported
as mean powder particle size. Also, to evaluate the microstructural fea-
ture of the milled samples, the powder particles were dispersed in eth-
anol, dropped down to copper grid and characterized by a transmission
electron microscope (TEM, FEI, Tecnai G2 F30).
A small amount of powder was compacted at 2 bar (200 Pa) pres-
sure to small pellets with 4 mm in dia. followed bymounting for micro-
hardness testing using a Vickers indenter at a 300 g load and 10 s dwell
time. Before this measurement, the mounted powders were polished
with grit sandpapers (1200P and2000P). Vickers hardnesswas calculat-
ed as the applied load, P (measured in mN), over the surface area of the
indentation, asmeasured by the long diagonal length of the indentation,
d (measured in μm) [22]:
HV ¼ 1854:4P=d2: ð2Þ
Since indentation results are often influenced by unavoidable statistical
variations, each individual result in the present study is an average of 5
measurements.
To investigate the phase transitions occurring during annealing, a
small amount of 24 h and 96 h milled powders were compacted into
small pellets and encapsulated under vacuum condition in quartz tube
and were heated up to 850 °C for 1 h and then water quenched.
3. Results and discussion
Fig. 1(a) depicts the XRD patterns of the powders milled for various
times. As it can be seen, the peak sharpness of the initial materials
(i.e. Ni and Ti) has decreased by increasing the milling time. By progres-
sion of milling, the peak broadening is increased due to introduction of
high amount of energy and defects. By increasing the milling time, Ti
peaks disappeared faster than Ni peaks and are completely eliminated
after 12 h ofmilling. Further analysis of the XRD spectra of the initialmill-
ing durations indicates that the diffraction lines of Ni shift toward lower
angles and the lattice parameter of Ni increases (Fig. 1(b)) owing to the
dissolution of Ti inNi lattice and solid solution formation. Due to applying
a high energy to the powders and continuous reduction of the effective
crystallite size [20], the amorphous phase has formed at the initialmilling
times and grown considerably by progression ofmilling up to 24 h.More
focus on the broadening of the 24 h-milled powders revealed that the
amorphization process has occurred at this milling interval. At this time
the maximum amount of amorphous phase was achieved.
It is clear that severe plastic deformation introduced into the pow-
ders during MA creates a variety of crystalline defects such as disloca-
tions, stacking faults and grain boundaries [20,23]. Since the presence
of the defects decreases the diffusion distances, the diffusivity of Ti as
a solute element into Ni enhances and with the slight rise in the milling
temperature, true alloying takes place among the constituent elements.
Comparing the XRD patterns of the powders milled for 24 h and 96 hindicates that the mechanical crystallization of the amorphous phase
to the more stable crystalline B2-austenite and B19′-martensite phases
occurs during the milling interval and consequently the amount of the
amorphous phase is decreased. This event attributed to strain energy
and a temperature increase during MA [20] which has been previously
observed in Ni–Ti–Ta system [24].
Table 1
Quantitative XRD results of the milled powders.
Milling Time (h) Ni Ti B19′ B2 Amorphous
D ε wt.% D ε wt.% D ε wt.% D ε wt.% wt.%
3 44 0.120 75 42 0.533 15 10
6 27 0.254 54 22 0.726 10 36
12 15 0.557 42 12 0.912 8 78 0.396 5 89 0.200 2 43
24 II 0.695 5 46 0.529 19 52 0.352 6 70
48 32 0.768 23 31 0.567 16 61
72 29 0.893 20 22 0.710 25 55
96 18 1.010 34 16 0.869 18 48
D: Crystallite size (nm). ε: r.m.s. microstrain (%). wt.%: Weight percent.
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in Table 1. As can be seen, by starting the milling process, the quantity
of elemental powders decreases and the amount of Ni solid solution
and amorphous phase increase; moreover, the formation of B19′ mar-
tensite and B2 austenite phases are indicated. By increasing the milling
duration, not only the stress-induced martensite (B19′) is formed due
to severe plastic deformation, but also the high temperature B2 phase
is also created due to temperature rising. By progression of milling up
to 24 h, the fraction of the amorphous phase increased and then due
to mechano-crystallization of the phase into more stable crystalline
phases (B19′ and B2), its amount is reduced. According to the quan-
titativeresults extracted from XRD test, the B19′ and B2 phases, at initial
milling stages (up to 24 h), are produced directly from the primary
materials and afterwards from the amorphous phase after mechano-
crystallization process.
Fig. 2 showsHRTEM image and the corresponding SADpattern of the
96 h milled powders. According to the image (Fig. 2(a)), the average
crystallite size of the crystalline phases reaches to value of about
15 nm at the end of the process (i.e. 96 h). As it can be seen from
the SAD pattern (Fig. 2(b)), the coexistence of amorphous and nano-
crystalline phases (B19′ and B2) in the alloyed powders is confirmed re-
spectively by the halo appearance and continuous rings which is
compatible with the aforementioned XRD results.
Figs. 3 and 4 include the SEM images and the analyzed average par-
ticles size of the milled powders at different milling times. As shown in
the figures, 1 h milled powder contains fine particles with irregular
shapes in which by milling evolution up to 6 h, due to high surface en-
ergy of fine and ductile particles, a maximum coldwelding and agglom-
eration occurs and particles size increases considerably and a broad of
particle size distribution is achieved. At this milling interval, the com-
posite lamellar structure with layer thicknesses of about 1 μm was
formed. By progression of milling (i.e. 24 h), due to domination of theFig. 2. (a) HRTEM image of 96 h-milled powders indicated the amorphous, A, andfracturing over cold welding and increase in the amount of amorphous
phase, the brittleness of the powders increases; consequently, the parti-
cle size is significantly reduced and their morphology tends to be semi-
spherical with a narrow range of size distribution (Fig. 4). Afterwards, a
balance between the rates of cold welding and fracturing is achieved
and the particles size reaches its steady state condition [23,25], which
is associated with the narrow particles size distribution and saturation
in hardness [25]. At this stage, the composite lamellar structure dimin-
ishes and therefore the alloying process is completed. By milling evolu-
tion to 48 h, due to occurrence of the mechano-crystallization of the
amorphous phase to the more stable B19′martensite and B2 austenite
phases, the powders ductility is enhanced and subsequently the parti-
cles size increases significantly. At the final stages of milling, because
of the development of hard B2 phase, the fracturing process overcomes
the cold welding phenomenon and consequently the particle size re-
finement occurred once more.
Fig. 5 depicts the EDS elemental mapping and point spectrum of the
96 h-milled powders, wherein the uniform elements distribution is ob-
vious. However, a small quantity of iron impurity is detectable in the
point spectrum. It has been reported that the Fe addition to binary Ti–
Ni alloys is very effective to separate the pre-martensitic andmartensit-
ic transformation temperature ranges [26]. Moreover, the martensitic
transformation start temperature (Ms) is significantly reduced by sub-
stitution of a considerable amount of Fe (e.g. 2.6 wt.%)with Ni in Ti–Ni
alloys. In order to determine the exact amount of iron in the alloyed
powders, the XRF test was also performed on the powders. According
to the results, the iron content of the samples milled for 96 h was
about 0.8 wt.% which is fairly low, revealing that the milling conditions
are suitable for the MA process of the present alloying system.
Fig. 6 shows the average microhardness of the prepared samples at
various milling times. As it can be seen, by starting the MA process,
the samples microhardness is increased due to the introduction ofcrystalline, C, parts of the structure and (b) the corresponding SAD pattern.
Fig. 3. The SEM images of the (a) 1 h, (b) 6 h, (c) 12 h, (d) 24 h, (e) 48 h, and (f) 96 h milled powders.
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hancement of the amorphous phase quantity. At 24 h of milling, due
to the presence of high fraction of amorphous phase and hard B2-NiTi
phase, the Vickers hardness reaches its maximum valuewhich is higher
than the values reported in the literatures [27–29]. By further milling
(up to 48 h), the samples microhardness is drastically reduced which
is attributed to the mechano-crystallization of the amorphous phase
and enhancement of soft B19′ phase at 24 h-to-48 h durations. At theFig. 4. The variation of partiend of process (i.e. 72 h and 96 h), by increasing the amount of hard
B2 phase, the microhardness of the alloyed samples is re-increased.
In order to evaluate the formation probability of thermally induced
martensite, the selected mechanically alloyed samples (24 h and 96 h)
were heated up to the temperatures well above the crystallization tem-
perature of the amorphous phase (at which the B2-austenite phase is
stable (e.g. 850 °C)) and remained for 1 h and then water quenched. Af-
terwards, the XRD analysis was conducted on the samples. Concerningcle size by milling time.
Fig. 6. The variation of the Vickers microhardness of the prepared pellets as a function of
milling time.
Fig. 5. Element distribution in the 96 h milled powders.
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is the major phase in which its amount is significantly high in the 96 h
milled sample with respect to the sample milled for 24 h. That is, the
transformation temperature of B2-to-B19′ (MS) is above the room tem-
perature wherein B2-NiTi can be partially transformed into B19′-NiTi
after the cooling cycle. More focus on the XRD patterns and the correlat-
ed table of Fig. 7 reveals that in addition to the B19′ and B2 phases, a sig-
nificant quantity of undesirable Ni3Ti and NiTi2 are formed in the sample
milled for 24 h; while, in the 96 h milled sample, the amount of Ni3Ti
phase decreases considerably and NiTi2 is completely vanished. It can
be attributed to the increase in the homogeneity of the amorphous
phase by milling development.
4. Conclusions
In the present work, the amorphous/nanocrystalline Ni–50Ti alloy
was successfully produced by mechanical alloying of the elemental Ti
and Ni powders and their structure, microstructure, and microhardness
were investigated. Accordingly, the most important results are summa-
rized as follows:
1) At the initial stages of milling, the elemental powders dissolved into
the structure in which the Ti peaks diminished faster than Ni peaks
(i.e. 12 h) and the supersaturated solid solution of Ti in Ni was
formed.
2) By milling progress, the amorphization process occurred and the
amorphous phase fraction was increased reaching its maximum
value (70 wt.%) at 24 h of milling. Simultaneously, the average par-
ticles size was reduced and microhardness was increased signifi-
cantly reaching its greatest value of about 522 Hv after 24 h of
milling.
Fig. 7. The XRD pattern of NiTi alloy milled for (a) 96 h and (b) 24 h followed by heat
treatment at 850 °C for 1 h. (c) The variation of phase content of the samples by milling
time.
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of the amorphous phase into themore stable crystalline phases con-
taining nanocrystalline B19′ and B2 occurred and the fraction of the
amorphous phase was reduced. Concurrently, the average particle
size was increased and the powders microhardness was reduced
extensively.
4) At final stages ofmilling, the hard B2 austenite phasewas developed
considerably and as a consequence the average particles sizewas re-
duced and microhardness was increased once again.
5) In the present alloying system, the transformation temperature
of B2-to-B19′ (MS) is higher than room temperature and conse-
quently, the production of thermally induced B19′-martensite
phase is feasible.6) The formation of undesirable intermetallic phases (e.g. Ni3Ti and
NiTi2) during the heating cycle was significantly impeded bymilling
evolution (up to 96 h).
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